To develop new strategies for searching for genetic associations with complex human diseases, we analyzed 2784 single-nucleotide polymorphisms (SNPs) in 396 protein-coding genes involved in biological processes relevant to cancer and other complex diseases, with respect to gene diversity within samples of individuals representing the three major historic human populations (African, European, and Asian) and with respect to interpopulation genetic distance. Reduced levels of both intrapopulation gene diversity and interpopulation genetic distance were seen in the case of SNPs located within the 5Ј-UTR and at nonsynonymous SNPs, causing radical changes to protein structure. Reduction of gene diversity at SNP loci in these categories was evidence of purifying selection acting at these sites, which in turn causes a reduction in interpopulation divergence. By contrast, a small number of SNP sites in these categories revealed unusually high genetic distances between the two most diverged populations (African and Asian); these loci may have historically been subject to divergent selection pressures.
I
N the human genome, a large number of single-nucleoprotein structure by causing changes to functionally tide polymorphisms (SNPs) are believed to be in important amino acid residues or on gene expression protein-coding genes (estimated to be between 50,000 by altering regulation (Kimura and Ohta 1974; Nei and 250,000) (Brookes 1999; Gray et al. 2000; Risch 1987) . Estimation of gene diversity (heterozygosity) at 2000; Schork et al. 2000; Chanock 2001 ; Lohnmueller 1442 SNP sites in an ethnically diverse sample of humans et al . 2003) . Such SNPs seem a promising source of revealed consistently reduced gene diversities at sites candidate genes for understanding the genetic contribuwhere SNPs caused amino acid changes, particularly those tion to complex diseases such as cancer and heart disease, predicted to be disruptive to protein structure (Hughes especially when the protein is known to play a role in et al. 2003) . Since SNPs are almost always biallelic, a relabiological processes relevant to the disease of interest.
tively low gene diversity at a given SNP site (i.e., the site Because Ͼ7 million SNPs have been reported in the at which the polymorphism occurs, which may also be public database (dbSNP, build 120), it is desirable to referred to as a "SNP locus"; see Hughes et al. 2003) is develop methods of sifting through this information to equivalent to a low allelic frequency of the less common find likely candidates for disease association (Sunyaev of the two alleles. Ramensky et al. 2002; Botstein and Risch 2003;  affecting protein structure, is evidence that purifying Fleming et al. 2003; Freudenberg-Hua et al. 2003;  selection has reduced the population allelic frequenHughes et al. Stitzel et al. 2003) .
cies of deleterious SNP alleles. This in turn suggests Evidence of the action of purifying selection at a given that slightly deleterious mutations are widespread in locus is evidence that a deleterious allele is present (Zhao the human population and that examination of the patet al . 2003) . Purifying selection is the form of natural terns of SNP diversity across protein-coding loci can help selection that acts to eliminate selectively deleterious guide the search for disease-associated SNPs (Hughes mutations. For example, purifying selection is expected et al. 2003) . to act against mutations that have deleterious effects on In addition to its effects on allelic frequencies within populations, natural selection is expected to affect the extent of divergence in gene frequency between popula-1 tions.
To exploit information on interpopulation divergence as a source of information regarding natural seSNPs were classified with respect to their location and effect lection at SNP sites, we performed a comparison beon protein function as follows: (1) SNPs located in the 5Ј-tween human populations of allelic frequencies at 2784 noncoding region outside the 5Ј-UTR, (2) SNPs located in SNPs from 396 protein-coding loci. These loci were chothe 5Ј-UTR, (3) SNPs in the 3Ј-noncoding region outside the sen because they are involved in fundamental biological 3Ј-UTR, (4) SNPS in the 3Ј-UTR, (5) SNPs in introns, (6) synonymous SNPs in exons, (7) nonsynonymous SNPs in exons processes (including development, the cell cycle, and causing a conservative amino acid change, and (8) nonsynonyimmunity) believed to be relevant to cancer and other mous SNPs in exons causing a radical change. Radical nonsyncomplex human diseases (Packer et al. 2004 Samples: Allele frequency data for 2784 SNP sites were taken from the SNP500 database (Packer et al. 2004) Table 1 ). The cal subdivision of the human population, it was not included average genetic distance between Africans and Asians in the analyses reported in this article. The other three groups are referred to in the following as, respectively, European, was significantly greater than that between Africans and African, and Asian. SNPs for analysis were chosen within or Europeans (paired t-test; P ϭ 0.001). Because the Africlose to genes, and the selection of genes and SNPs for analysis can and Asian populations showed the greatest pairwise was drawn from publicly available databases. For details of genetic distance, we focused particular attention on the sequencing methodology see Packer et al. (2004) and Hughes distribution of genetic distances between these populaet al. (2003) . Allelic frequency data for all SNPs are available at http:/ /snp500cancer.nci.nih.gov.
tions for different functional categories of SNPs.
Statistical analyses: Gene diversity (heterozygosity) at a SNP
In the African-Asian comparison, striking differences site was estimated by 1 Ϫ ͚ iϭ1 x Tests of the hypothesis that mean d equals that for radical nonsynonymous SNP loci (t-test): *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. Tests of the hypothesis that median d equals that for radical nonsynonymous SNP loci (Mann-Whitney test): ****P Ͻ 0.05; *****P Ͻ 0.01; ******P Ͻ 0.001. servative nonsynonymous SNPs was identical to that for standard deviations (SD) above the mean for the category]. Also included are cases of conservative nonsynonradical nonsynonymous SNPs, the Mann-Whitney test (which is based on average ranks) showed a significant ymous SNPs for which the genetic distance between African and Asian populations was Ͼ2 SD above the difference in location between the former two categories and radical nonsynonymous SNPs (Table 2) . mean for that category (Table 4 ). In any of these cases it is possible that the high interpopulation distance is Mean d between populations (i.e., the mean of African-European, African-Asian, and European-Asian comdue to chance, whether random genetic drift or sampling error. On the other hand, it is possible that in parisons) likewise showed the lowest mean and median at least some of these cases, differentiation between values in the case of radical nonsynonymous SNPs (Tapopulations has been driven by natural selection. ble 2). The values for the 5Ј-UTR were not significantly different from those for radical nonsynonymous SNPs, but all other categories showed significant differences DISCUSSION from radical nonsynonymous SNPs in both parametric and nonparametric tests (Table 2) .
In previous analyses with the same study populations, As in our previous analyses (Hughes et al. 2003) , we we found significantly reduced gene diversity in the case found differences among SNP categories with respect of radical nonsynonymous SNP loci in comparison with to gene diversity (heterozygosity) ( Table 3) . Mean gene other SNP categories in the same genes (Hughes et al. diversity was lowest in the case of radical nonsynony -2003) . Since the gene diversity at radical nonsynonymous SNPs, and mean gene diversities for all categories mous SNPs was reduced in comparison to silent SNPs except the 5Ј-UTR differed significantly from that for in the same genes, the likely cause of reduced gene diverradical nonsynonymous SNPs (Table 3) . Median gene sity at the former is purifying selection (Hughes et al. diversities showed an identical pattern (Table 3) . We 2003) ; that is, natural selection acting to remove deletericomputed correlation coefficients, both the Pearson ous mutations (Kimura and Ohta 1974; Nei 1987) . Simicorrelation coefficient and the nonparametric Spearlar results were reported by Sunyaev et al. (2001) , man correlation coefficient, between d and gene diverFreudenberg-Hua et al. (2003) , and Zhao et al. (2003) . sity for each SNP category (Table 3) . In most cases, In this study, examining twice as many SNPs as in our the correlation coefficients were modest but statistically previous study, we found evidence of purifying selection significant (Table 3) . not only at radical nonsynonymous SNPs, but also at Although the results showed overall lower interpopuSNPs in the 5Ј-UTR. The evidence of purifying selection lation genetic distances for SNPs in the 5Ј-UTR and took the form not only of decreased gene diversity at for radical nonsynonymous SNPs, certain SNPs did not these SNP sites but also of reduced interpopulation follow this trend. Table 4 lists cases of SNPs in these divergence. Overall, the interpopulation divergence was two categories for which the genetic distance between positively correlated with mean intrapopulation gene diversity. It is expected that, if purifying selection is African and Asian populations was unusually high [Ͼ2 Tests of the hypothesis that mean gene diversity equals that for radical nonsynonymous SNP loci (t-test): *P Ͻ 0.01; **P Ͻ 0.001. Tests of the hypothesis that median gene diversity equals that for radical nonsynonymous SNP loci (Mann-Whitney test): ***P Ͻ 0.05; ****P Ͻ 0.01.
acting similarly in two populations to reduce frequency al. 2003) . Indeed, constructing a random sample of sequences from the entire human species raises numerous of a deleterious allele, the reduction in frequency will be similar in both populations, causing similar allele practical difficulties. The present methods, on the other hand, because they depend on comparisons between frequencies in the two populations. As a result, the genetic distance between populations will be reduced at SNPs of different categories across the same set of genes, do not depend on the assumption of a random sample. a locus subject to purifying selection in both populations in comparison to a locus that is subject to random geThe population frequencies of the lower-frequency allele at SNP sites in the categories (5Ј-UTR and radical netic drift in both populations.
Thus, our results demonstrate the utility of examining nonsynonymous SNPs) that showed evidence of purifying selection were typically in the range of 1-10%. Wong interpopulation divergence as a simple strategy for identifying SNP sites subject to purifying selection that thus et al. (2003) similarly reported numerous nonsynonymous SNPs with similar allelic frequencies in a sample of 114 are candidates for complex disease associations. Note that, in the present case, the numbers of individuals human genes. These frequencies are at least an order of magnitude higher than those of human genes causing examined in each population were modest. Thus, this approach holds promise for providing an efficient severe Mendelian diseases, such as cystic fibrosis or Huntington's chorea (McKusick and Francomano 1997) . method for identifying SNPs subject to purifying selection when available resources limit the number of indiThis in turn suggests that the selection coefficients at many of these SNP sites are smaller than those at loci viduals that can be examined.
Moreover, the methods used here are more readily associated with severe disease. Evidence of such mild purifying selection can be used applicable to the study of SNP sites than are such widely used tests for natural selection as those of Tajima (1989) to identify candidate loci for association with complex diseases, since SNPs associated with complex diseases and Fu and Li (1993). The latter tests are more applicable to sequencing studies than to SNP studies because are expected to be slightly deleterious, unlike the highly deleterious genes associated with Mendelian diseases. they examine all polymorphic sites across a gene. In the case of SNP studies certain polymorphic sites may be Thus, if nonsynonymous SNPs or SNPs in the 5Ј-UTR show lower gene diversity than other SNPs in the same unknown and thus may not be ascertained. Lack of ascertainment of certain SNPs is not a problem for the genes, these are potential candidates for complex disease-association studies (Hughes et al. 2003) . In addipresent method because known SNPs are compared within other known SNPs in different functional categotion, the present results suggest that nonsynonymous SNPs or SNPs in the 5Ј-UTR that show low levels of ries ascertained for the same set of genes. Furthermore, the methods of Tajima (1989) and Fu and Li (1993) interpopulation divergence are potential candidates for complex disease-association studies. assume a random sample of the population and are very sensitive to violations of that assumption (Hammer et
The protein-coding loci chosen for this study were a Single-letter amino acid code is used; amino acid positions are numbered as in the primary translation product. b Identification (ID) number in the public SNP database, dbSNP (Sherry et al. 2001) .
chosen because of their potential involvement in cancer lecular evolution. This theory predicts that, when the effective population size is small, slightly deleterious or other complex diseases (Packer et al. 2004) . Thus, they included loci encoding proteins involved in fundaalleles behave as if selectively neutral and thus can drift to higher than expected frequencies in large populamental cellular processes, many of which are expected to be subject to strong purifying selection because of tions (Ohta 1976) . There is substantial evidence that the human population has undergone an expansion stringent functional constraints. On the other hand, they also included a large number of loci encoding beginning in the Pleistocene, and thus that our species has a bottlenecked population history (Harpending et cytokines and other immune system proteins, which are known to evolve rapidly at the amino acid level and thus al. 1998; Marth et al. 2003) . Slightly deleterious alleles that drifted to high frequencies during the bottleneck appear to be subject to a relatively low level of functional constraint (Murphy 1993; Hughes 1997) . Further studphase are expected to decrease gradually in frequency as effective population size increases and purifying selecies will be required to determine whether the frequency of sites subject to purifying selection in our data set tion becomes more effective. SNPs in the 5Ј-UTR and radical nonsynonymous SNPs showed a reduction in differs from that in a random set of human proteincoding loci.
gene diversity in comparison with other SNPs from the same set of genes that is consistent with this prediction. The existence of slightly deleterious alleles subject to purifying selection yet nonetheless occurring at rather By contrast, a number of SNPs in the 5Ј-UTR and a number of nonsynonymous SNPs showed very high high frequencies in the human population is consistent with Ohta's (1976 Ohta's ( , 2002 nearly neutral theory of mogenetic distances between African and Asian popula-tions (Table 4) . Although these high values might be listed in Table 4 can be tested further by examining allelic frequencies in larger samples and also by testing due to genetic drift or stochastic error, it is possible that at least some of these represent cases where positive for associations between polymorphism at these loci and selection has acted to favor different phenotypes in difobservable phenotypes. Thus, the computation of geferent human populations. Interestingly, these cases innetic distances between populations at SNP sites proclude immune system genes (IL8 and LIG4), hormones vides a simple strategy for identifying SNPs that may have and hormone receptors (GH1 and GNRH1), and metabeen subject to directional selection over the course bolic enzymes (e.g., ADH1B and CYP1B1), which might of human evolution, which can complement strategies plausibly be subject to different selective pressures in based on statistics such as F ST (Akey et al. 2002) and different environments.
linkage disequilibrium (Schneider et al. 2003) gene and has been associated with two major infectious disease outcomes, resistance to tuberculosis and severity of respiratory syncytial virus (RSV) infection (Hull et al. 2001; Choi et al. 2002; Ma et al. 2003) . Interestingly, 
